This study compares engineering expert problem-solving on a highly constrained routine problem and an ill-defined complex problem. The participants (n=7) were recruited from two large public Research I institutions. Using a think aloud methodology, the experts solved both routine and non-routine problems. The protocols were transcribed and coded in Atlas ti. The first round of coding followed a grounded theory methodology, yielding interesting findings. Unprompted, the experts revealed a strong belief that the ill-defined problems are developmentally appropriate for PhD students while routine problems are more appropriate for undergraduate students. Additional rounds of coding were informed by previous problem solving studies in math and engineering. In general, this study confirmed the 5 Step Problem Solving Method used in previous challenged based instruction studies. There were observed differences based on problem type and background knowledge. The routine problem was more automatic and took significantly less time. The experts with higher amounts of background knowledge and experience were more likely to categorize the problems. The level of background knowledge was most apparent in the steps between conducting an overall energy balance and writing more problem specific relationships between the variables. These results are discussed in terms of their implications for improving undergraduate engineering education.
Introduction
Today's engineering graduates are faced with a more global and rapidly evolving world. Numerous reports, such as the Engineer of 2020 and Gathering above the Rising Storm, call for a transformation of engineering education that fosters the development of innovation while still maintaining high levels of technical proficiency. 1, 2 Practicing engineers must constantly strengthen their knowledge base and become more efficient in applying it. As processes and industries rapidly evolve, they must use new and existing knowledge to solve novel and innovative problems. Traditional teaching methods in engineering education have focused on training students to efficiently solve routine, textbook-like problems but fail to prepare students to use their knowledge flexibly in novel situations. While these typical routine problems are common in the curriculum, they are not representative of the problems that they will encounter as practicing engineers. In a qualitative study of workplace engineering, Jonassen, Strobel, & Lee (2006) found that nearly all workplace problems are complex and ill-structured. Students often only encounter complex ill-defined problems at the end of their four year engineering program and enter the workforce without these critical skills requiring more on the job training. 3 How can we prepare students to solve these ill-defined complex problems that they will encounter as working engineers? The Vanderbilt-Northwestern-Texas-Harvard/MIT (VaNTH) Engineering Research Center attempted to answer this question in a Biomedical Engineering context. The VaNTH project designed a biotransport engineering curriculum to help students develop innovation and efficiency. 4, 5, 6 Innovation was operationalized as the adaptive ability to perform well in novel and fluid situations, and efficiency was operationalized as the ability to appropriately apply their taxonomic knowledge in a timely manner. Schwartz, Bransford, and Sears (2005) have hypothesized that instruction that develops innovation and efficiency together will lead students to progress further along a trajectory toward adaptive expertise (AE) than instruction that teaches for efficiency first. 7 This theory was tested explicitly in previous VaNTH projects conducted to explore the development of these two constructs. From these studies questions arose about what the endpoint looks like. How do experts solve these complex illdefined problems?
There is a large body of literature on expertise and expert performance. However, nearly all this research used routine problems and situations to quantify differences in novice and expert performances. These studies of expert performance on routine problems found that in addition to having a more complete knowledge base, experts are typically more adaptive and flexible in their thinking than most students. Experts' knowledge is organized around the big ideas of the field, whereas novices tend to think of domain knowledge as a large collection of equations. Experts differ in knowledge representation, general problem solving skills and approaches, and how and what details are perceived. 8, 9 In problem solving, experts spend more time on understanding the problem and finding a useful representation based on key principles in the domain. 8 Novices typically start by trying to find the correct equation based on surface features. 8 Although there have been numerous studies characterizing experts and comparing experts to novices, there has been less longitudinal research to explain how these important aspects of AE develop. 10 Schwartz, Bransford, and Sears (2005) have proposed a theoretical model of AE development (See Figure 1) . 7 This model assumes that AE development is a continuous process that includes axes for growth along two dimensions: (a) innovation and (b) efficiency. Schwartz, Bransford, and Sears (2005) have hypothesized that these two dimensions co-evolve in what they have called the "optimal adaptability corridor" (OAC). 7 The OAC hypothesis is that instruction that develops innovation and efficiency together will lead students to progress further along a trajectory toward AE than instruction that teaches for either efficiency or innovation first. While most expertise research was conducted using routine problems and situations, only limited research exists on expert performance in innovative situations. [11] [12] [13] [14] [15] A few more recent studies have also had a more developmental approach, including both intermediates and different kinds or groups of experts as well as task experts and domain experts. [11] [12] [13] [14] [15] This experimental design has helped to differentiate how experts use domain specific knowledge and general scientific reasoning skills and heuristics.
Building on this extensive knowledge base on expertise, this study adds to literature base on expertise in engineering and solving complex novel problems by addressing the following two research questions: (1) How do engineering experts solve non-routine complex problems? (2) Does an experts' process solving these types of non-routine engineering problems differ from the processes found in classic expertise research using routine textbook-like problems? Although the study was motivated by the desire to improve engineering education, it directly compares expert performance on two different types of problems. Engineering experts were asked to solve two heat transfer problems: a highly constrained textbook problem and a complex novel illconstrained problem.
Prior to addressing these research question, our research team designed and implemented a new biotransport course comprised of 13 non-routine ill-defined challenges mapped to the biotransport taxonomy to test the hypothesis that with multiple opportunities for practice and timely formative feedback students' problem-solving skills would improve in both innovation and efficiency. (For further elaboration on this intervention see the following research articles and textbook. 4, 5 ) These challenges were implemented using the Star.Legacy Cycle 16 that ask students to first generate their own ideas to solve a new challenge prior to learning the information relevant to the problem. Research has shown that this technique prepares students for future learning allowing them to learn more from subsequent lectures or reading. 4, 17, 18 However, during the first implementation of this new curriculum, students were prompted to generate ideas about the problem solution using from the following two questions: What do you know that will help you solve this problem? What do you need to know to solve this problem? Surprising to us, students were giving answers in paragraph form rather than using more common problem solving approaches. This prompted the biomedical engineering domain expert on the team to reflect on his own problem solving method for transport problems. From this explicit reflection, the domain expert made his own implicit tacit knowledge and process explicit. He generated a 5-step method that he used to tackle all transport problems. The 5-step method was essentially a problem solving heuristic. This 5-step method was then taught to the students. Although the teaching of general problem-solving heuristics are not commonly known to increase problem solving abilities, the teaching of the heuristic increased the students' initial idea generation and their final solutions.
More specifically, this 5 Step Problem Solving Method consisted of the following five steps: define the system, determine how this system interacts with the environment, identify the governing principles, identify the appropriate constitutive relationships and then solve the challenge. First, this method encouraged students to define the system or boundary for calculating inputs and outputs. After determining what aspects of the problem were included in the system, the next step they were instructed to identify how this system interacts with the surrounding environment. Since students often only see surface conditions of the problem and then jump straight to looking for the appropriate equations, they were required to identify what governing principles, such as the conservation of energy, apply to the problem and then identify the correct constitutive equations, such as the rate equations for conduction or convection. The final step is solving the problem using the identified constitutive equations and governing principles.
Methods

Participants
Seven engineering experts participated in the study (5 men and 2 women). They averaged over 28 years of teaching and research experience. Although heat transfer experts were solicited, two expert groups emerged. One group had both heat transfer and general engineering expertise. The second group, had been exposed to heat transfer principles in both their graduate and undergraduate education, but they never taught transport or conducted research in the area. This study was conducted with IRB approval, and the participants did not receive compensation.
The study followed the think aloud protocol methodology. 19 Participants were instructed to verbalize their thinking as they solved the problems. As a warm-up, the interviewer demonstrated the process using a simple computation problem. Then, the experts solved the two heat transfer problems, talking aloud as they solved them.
Problems Used in the Study
The ill-defined problem used an introductory paragraph from a 2004 Science article about genetic diversity and temperature regulation in bee colonies. 20 (See Appendix A, Problem 1.) Participants were asked to analyze and model the heat regulation process in a bee hive to determine whether genetic diversity helps stabilize hive temperature.
The routine problem was selected from the introductory chapter of a heat transfer textbook. 21 (See Appendix A, Problem 2.) This problem required a knowledge base similar to one tested in the bee hive problem, but simpler and more constrained. Given all of the necessary variables and constants, participants were asked to solve for the inside temperature of a brick wall. Figure 4 compares the required content knowledge for the two problems.
Coding and Preliminary Analysis
The think aloud interviews were audio recorded and transcribed. The transcriptions were initially coded using a grounded theory open coding technique. 22 In subsequent rounds of coding, these engineering transcripts were then compared to previous expert problem-solving frameworks. 23, 26 In the second round, the initial codes were grouped according to Carlson and Bloom's (2005) Multidimensional Problem-Solving Framework (MPSF) derived from studying mathematics expert's solving problems. 24 The MPSF includes 4 phases: orienting, planning, executing, and checking. The final round of coding collapsed these codes into the 5 Step Problem Solving Method similar to the MPSF but more consistent with the expert heat transfer solutions. However, the orienting category was maintained since it did not overlap with the 5 step method.
Results
Unexpected Theme: Professor Beliefs about Problem Solving
While solving these problems, many of the experts revealed their beliefs about what types of problems are developmentally appropriate for students. The experts were not prompted for this information in either the think-aloud instructions or the subsequent structured interview. Unprompted, most of the experts freely associated their beliefs about problem solving and the types of problems that are appropriate for the typical undergraduate student. They identified the ill-defined complex problem as a good PhD qualifying exam question. For example one expert said:
So, we're going to give this problem on the next doctoral qualifying exam.
It's probably… It may have appeared on your --one of your doctoral qualifying exams.
And another said:
Expert #2: I think it's a problem that… It's a kind… I would say it's a problem that would be interesting to give on a PhD qualifying exam for as a thought --more as a thought problem than a calculation problem. In other words, you know, "How would you approach this problem?" Not, "How would you solve the problem?" But, "How would you approach the problem? Or, what are the things that are…? What would you have to take into account in order to solve the problem?" As opposed to, "Solve the problem."
None of the experts referred to students while solving the complex problem except to mention that it was appropriate on PhD exam or that the problem was not a good problem for students. However, the experts routinely referred to students while they were solving the textbook problem. They often talked about what was hard for students and where the problem would fall in the sequence of a course on heat transfer. They often revealed what Shulman (1986) calls 'pedagogical content knowledge' (PCK) 27 , for example: One expert pointed out why the routine problem was a good problem and repeatedly emphasized the difficulty of the first problem and that it was just a think problem. The following exchange illustrates the beliefs of the same expert. Throughout the interview he repeatedly explicitly and implicitly communicated his belief that the second problem was too difficult for students (undergraduates) and that the textbook problem was a good "accurate" problem. While solving the complex problem Expert 2 said:
Expert #2: --you know, to me. And to me, to me, I would say it's, I guess, I would prefer… I guess, if I --if I were… I would prefer to come up with a problem that was a little less complex in geometry.
Interviewer: Mm-hmm.
Expert #2: Whereby, that the students could probably come closer to solving it … than this one [complex bee problem].
… But I'd say --I'd say it's a fairly difficult problem.
And in other exchanges Expert #2 said:
Well, first of all, I would say it --those kind --well, when students start out --when students start out, they have to have, you know, simple problems, and I would say the second problem was. The expert was bothered by the complexity of the problem. Because of the format of the interview, I believe he was classifying these problems as school problems (as opposed to a realworld or a research problem). He clearly articulated the highly prescribed problems are good problems -they are simple and provide all the necessary information. Good problems are not too complicated or complex.
Collectively these statements indicate a belief system that is consistent with the traditional model of science and engineering education that teaches the fundamentals first with an emphasis and practice solving routine problems. Only after the students have a handle on the fundamentals will they be given the opportunity tackle more complex novel problems. Sometimes these complex problems are reserved for a capstone course at the end of their program. The traditional model makes three assumptions about the development of complex problem solving abilities. First, understanding the math, science and engineering content is a necessary prerequisite to be able to solve more complex problems. Second, it is necessary to learn to solve routine problems first. Third, the ability to solve routine problems will transfer to more complex ill-constrained problems.
Confirmation of the 5 Step Problem Solving Method
During grounded theory coding, the experts confirmed the 5 Step Expert Problem Solving Process used in previous VaNTH studies of adaptive expertise. 4, 5 With the exception that prior to starting this process nearly all the experts took some time to orient themselves to the problem similar to the mathematical experts in Carlson and Bloom(2005) . 24 The 5
Step Problem Solving Method consists of the following steps: define the system, determine how this system interacts with the environment, identify the governing principles, identify the appropriate constitutive relationships and then solve. (See Figure 2. ) One of the experts re-iterated this process in the think aloud recall portion of the routine problem: In general, experts followed this process in both types of problems. Figures 3 -5 . are representative of the problem solving process used by two of the experts on the complex problem. Although the general process was confirmed the order of the process was not always sequential. The 5 Step Process was also missing one key step that was observed in the complex problem. There was an orienting/understanding the problem phase that proceeded the define the system phase in the complex problem. This difference was not observed in the routine problem. In the routine problem, the first step for all seven of the experts was to draw diagram of the system. Although the experts drew diagrams in the complex problem as well, it was not the first step. It was preceded with efforts trying to understand the problem. Another major difference is the fact that the define the system phase was not trivial in the complex problem. A more cyclic process was observed especially with Expert 1 and Expert 2 who both ranked high in related experience and background knowledge. The process was more automatic in the routine problem. All but one of the experts with high experience and high specialization immediately recognized the routine problem and its solution path. 
Differences by Problem Type
This problem was challenging for all of the experts with one exception. The problem was much more straightforward to the expert with significant experience heat transfer in porous media systems. The expert who generated the complex problem classified the problem as a heat transfer in porous media problem. After solving the problem, all of the experts were asked if they thought the problem was hard, and if so, what was hard about it. They found it difficult because it was unfamiliar. Many of them had never thought about transport in "living stuff" before. They all found it hard to link the bees to the transport model. They also found it hard to determine the geometries, the properties and the spatial distribution of those properties. Initially, most of the experts tried to make simplifying assumptions about the geometry and the properties in order to simplify the solution. However, then they questioned these simplifying assumptions when they returned to the driving question about the influence of genetic diversity in bee hives. One expert commented that, "it's hard to set up a model when everything is a variable". The engineering experts with less heat transfer experience mentioned that they (like students) always found transient problems difficult. Another expert captured the essence of the problem selection well when he said;
Well, I think the beehive problem is a good problem to understand how somebody attacks or sets up a problem, because you're not asking for a numerical answer. You're asking for a strategy. And you're asking for someone to take a word problem and reduce it down to something that now is amenable to being solved. And I know from what I learned about problem solving is that it's hard for students. You have to take a word problem, and then you have to reduce it to its elements. And it's also a good problem, because you have to figure out what part to read.
On average, the experts spent significantly more time (p = .019) solving the complex problem than they did on the routine problem, an average of 16 minutes compared to 5 minutes respectively, see Figure 6 . Expert 1 completed two iterations when trying to solve the beehive problem. He was the only one to do this. The red line indicates the time break between the two iterations.
There are two additional limitations that must be considered. Individual differences based on loquaciousness are common in verbal report data, and the complex problem statement is much longer than the routine problem statement (448 words compared to 92 words). Since there were differences in whether the expert read aloud or read silently and the fact that some experts started solving the problem as they were reading it, the average time to read the problem could not be subtracted from the total time on each problem. As a proxy, I timed myself as I read each problem at a conservative pace and subtracted this time from the total time on each problem. There was a difference of about 2 minutes in the time it took to read the problems out loud. 
Categorization Differences
The largest difference between the two knowledge groups was whether they categorized the problem or not. Three of the four task experts categorized the routine problem and talked about trying to categorize the complex problem (see Table 1 .). The rest of the experts did not do this. They recognized similar problem conditions like whether it was steady state or transient, but they did not try to categorize the problem. In the routine problem they categorization quickly queued the solution path. They knew the problem would eliminate the need to set up a differential equation. In the complex problem they were categorizing the problem in the as they were generating the appropriate model or the appropriate solution.
The experts were asked about if they could think of another problem that would be analogous to the bee hive problem after they solved the problem. Table 2 . gives the expert answers to this analogous problem question (Expert 2 did not answer the question.) The domain experts gave more general analogies: a heat exchanger, a house, and a cup of coffee. The task experts gave more all focused on the fact that the problem involved a heat generation component and porous media.
Table 1. Task Expert Categorization
Complex Problem Routine Problem
So first of all, I would try to characterize it as kind of a classical heat transfer problem. And then, um, now, the question Uh, I know that in a one-dimensional heat transfer problem that's steady state that the amount of heat transfer per unit area on the inner surface is equal to the amount of heat transfer on the outer surface, and that sort of gives you the clue of how to handle this I see this as analogous to a problem, a kind of a classical problem in heat transfer of the heating or cooling of a lumped object in which there is some internal heat generation …this is a straightforward, steady state, heat conduction problem with a boundary condition that essentially the whole problem should be solvable by, uh… I don't even really have to write a differential equation for this. You know, in the summary, I think I would set up a… As I said, I would assume at least for this point for this to be a quasi steady state problem with long-term variations and long-term… Okay. So, this is kind of a standard heat transfer problem for--for an undergraduate course but toward the end, where we are doing combined mode heat transfer and worrying about what happens Other than the fact that there is some sort of activity going on inside that generates heat, it is not something that regulates itself or is regulated. It's just going on. Okay. So, I started this by saying, how do we model problems like that, and what would be the analogous model here? So, the first thing that occurred to me is that I could characterize this as a spherical particle, spherical object, and go through the usual energy balance type stuff with boundary conditions and some initial condition Okay. Sure. Uh, well, uh, I looked at it, and first of all, I paid special note to the fact that it said "under steady state conditions." So again, I'm trying to categorize the problem. Because there is a wall, there is heat conduction through the wall, and as always, the energy balance is the key to the problem. And that's, you know… And--and energy balances are my stock and trade, so, I mean, that's --I always --I always go immediately to the energy balance.
I was thinking about it in terms of a standard sort of heat transfer fluid mechanics problem, where you want to look at the heat trans---heat balance, mass balance on the entire system. And so, it gets down to analyzing it in the same way you do most problems like this for porous media heat transfer. There's heat generation --there could be --there could be heat generation occurring as a result of exothermic processes that are going on. And typically when something crystallizes, often, in many instances, it's exothermic. So, there's a problem in which the rate of internal heat generation in the volume has to be represented functionally as a function of the population of crystals, which might be expressed in terms of the density of--of the solid phase versus the liquid phase, something like that. So, I could see some analogy there. Probably less so in metallic materials, because the thermal conductivities are so high it probably doesn't --the solidification energy probably doesn't affect those things very much. Now the question of where there is some sort of active control mechanism going on, that's … that's a very interesting one. I have no idea where I would find other problems.
Expert 3 Mm-hmm. I've worked on a lot of porous media problems with internal combustion inside a plug of porous material, so it's called submerged combustion. And we've had to model those, and there are a lot of similarities, because you have heat generation by the combustion process, you've got flow in and out, you've got changes in the properties due mostly to the temperature differences in that case. Although, we've done some with varying material properties in the porous material itself. So, you know, that's an analogous sort of problem. I mentioned the nuclear reactor core. Similar sort of problem with heat generation and flow through the system. In some ways, those are simpler systems, because the flow is not dependent on the ambient temperature the way these are, but--but they are similar.
Expert 4 Well, if… Uh, if I was thinking of the bees, you know, and if I was thinking of a mass transfer analogy, you would think of a catalyst. In other words, I have a packed bed with catalysts, and so if I was doing reaction, uh, then, you know, and so that would be the, uh, the analog of generating mass. Although, yeah, in other words, the catalyst would be part of it. You still have to have the mass source or sink, so you'd also have to have some mass. So maybe a better analog would be, like, a sorbent. So if I have a sorbent in a packed bed and I pass mass to it, it takes the mass out of the fluid phase. Then that would act like a sink or a source depending on which one you were looking at.
Table 2. Analogous Problems Continued
Analogous Problems
Expert 5 Well, in some ways, it's not a lot different from a chemical reactor. You're generating heat by a reaction, for example. You remove heat by flow in and out and heat transfer through walls, so you could say it's probably analogous to that kind of problem, which is the kind of problems that I would teach, you know 
Discussion
In general, this study confirmed the 5 Step Problem Solving Method as an expert engineering problem solving method. However, the process was more cyclic than linear as presented to the students in VaNTH studies. 5 The experts also took time to orient themselves to the problem prior to the first stage of defining the system. The experts in this study solved that routine engineering problems outside their expertise or familiarity used this same method focusing on applying general principles prior to addressing constitutive equations and a solution path. There were observed differences based on problem type and background knowledge. The routine problem was more automatic and took significantly less time. The experts with speciality knowledge and experience similar to the problems categorized the problems. The level of background knowledge was most apparent in the steps between conducting an overall energy balance (governing principles) and writing more problem specific relationships between the variables (constitutive equations). However, the most interesting findings of this study are the unsolicited themes uncovered using grounded theory methodology with the collective qualitative data corpus. The experts in this study unexpectedly revealed strong beliefs about problem solving ability and development in students. They associated the complex problem with PhD students and the routine problem with undergraduates.
The traditional engineering education system makes the assumption that experience solving routine problems will transfer to ill-structured problems. It also assumes that it is necessary to learn to solve routine problems first. However, it isn't completely understood how different types of problems affect this development. These assumptions are not explicitly tested in this study. However, this study was motivated by the desire to improve engineering instruction by characterizing the desired endpoint. How do engineering experts attempt these types of problems? How can their solutions inform educational practices?
In the current system, students practice solving lots of routine problems. For a selective few, this method leads to expert-like understanding. Only those that persist are given the opportunity to work on more interesting complex problems. The expert beliefs are consistent with the traditional way engineering education is structured. Students are taught the fundamental principles first by direct instruction lecturing and solving lots of highly constrained problems on exams and homework sets. After they have "mastered" the core content, they are then allowed to attempt novel complex problems. The experts' beliefs found in this study are consistent with the hierarchy of problem types in the mathematics curriculum described by Stanic The expert beliefs about student development and the appropriateness of problems falls outside of the theoretical 'optimal adaptability corridor' proposed by Schwartz et al. (2005) 4 (See Figure  7 .) The experts in this study exhibited strong beliefs consistent with the traditional educational model that it's necessary to focus on efficiency before students can tackle more innovative problems.
The expert beliefs are inconsistent with their performance on both types of problems. Even on the routine problem, none of the experts carried out their solutions to a final mathematical solution. They merely set up the problem following processes similar to the 5 Step Problem Solving Method. Even the experts with less specialized knowledge were able to attempt the problems. The experts in this study attempted the problems from general principles first. If this is how experts solve these types of engineering problems, is it necessary for students to have mastered basic math skills and physics equations before taking on more complex problems? One of the experts in the study articulated this when he gave his ideas about what innovative student performance looks like. one of the things that really catches my attention is when I have a student come in and explain to me physically what he thinks is going on, and then we talk about, now how do I capture that in terms of writing equations and formulas, so you get a number for an answer? … our students today have much less of an intuitive sense of how physical things happen. They are more oriented toward, "Let's cut to the chase. You tell me which formulas I have to plug numbers into in order to get an answer." So, what I view as innovative is a student who looks first at the problem before they look for, "Where do I plug and chug in order to get an answer?" … But the idea was to put more hands-on really looking at real things and saying to yourself, "How does what I'm studying apply to this thing here?" Okay. And so, if I try to characterize the quality that I think is going to --is going to be observable in a student that's going to become something special as an engineer, I would say I would put that right at the top of my list. This intuitive sense of what's really happening before you start trying to just plug numbers into it.
Figure 7. Expert Beliefs Trajectory
In the engineering workplace, Jonassen et.al (2005) found that nearly all problems are complex and ill-structured. 3 If we are going to prepare students to be innovative and technically proficient they need more practice solving complex ill-structured problems. Students often only encounter these complex ill-defined problems at the end of their four year engineering program because of an under-current belief that they need to have mastered basic math and science concepts first. Ericsson (2006) has shown expertise is often the result of many hours of deliberate practice. He has found that expertise in many domains like music, sports, chess, and problem solving require at least 10,000 hours (approximately 10 years) of practice. 29 The 10-year rule has been shown to be fairly robust across domains. 29 Solving engineering problems takes "deliberate practice" just like playing basketball or the piano. 29 For students, the hours they spend doing homework and studying is practice. A good coach facilitates this practice to maximize performance. Using a basketball analogy, nearly all teams practice shooting layups but they also practice putting it all together in real-time scrimmages that require all their skill sets and knowledge of the game. Coaches make their players practice both in pieces and putting it all together. Routine problems can be seen as analogous to a layup and complex real-world problems analogous to a scrimmage. In a previous study one student highlighted this difference when he asked, "you mean you want me to solve this like a real problem in the lab or something, not like homework or a problem on an exam." Our students have learned how to "play school" well, but we need to make school more applicable to the careers we are preparing them to enter. Students need more practice solving complex real-world problems. It seems unnecessary to make students wait to start this practice only after they have mastered basic math and science concepts. As Schwartz et al. (2005) propose, they should be practicing both types of problems at the same time.
7
Conclusions
In previous studies, students given practice with both complex and routine problems in challenge-based engineering courses performed higher on innovation measures than students taught using traditional methods. 5 The results of these studies combined with the unexpected themes identified in this study indicate that professor beliefs about problems and problem solving need to be factored into reform efforts in engineering education. Future research needs to explore these beliefs more rigorously. If these findings are verified, they do hold promise. Obviously, the engineering professorate is highly skilled in writing PhD qualifying exam questions. They also have experience with problem-based learning: the model is very similar to mentoring new graduate students in their research labs. The logical next step is to help direct these skills into their undergraduate classrooms. Prior research shows that teacher beliefs are robust and hard to change. Thus, the challenge is finding optimal avenues to influence these beliefs to help address the national call for engineering education reform.
The ability of the bees in a hive to maintain an optimal brood nest temperature is of particular interest when there are fluctuations in the environmental temperature. In some of the environments wherein honey bees are indigenous there may occur there may occur temperature swings between 15ºC and 40ºC over a period as small as two days, putting a great thermal load on the hive. It has been shown that different genetic lines of bees have varying capacities for fanning action with their wings and also may have varying thresholds to changing local hive temperature for turning on and turning off the fanning activity.
To the present time nearly all of the research in this area has focused on analysis of bee behavior and its determinants, such as the cited paper. However, there is much potentially useful information to be learned about how the thermal properties of a hive and the mechanisms by which energy can be transported within it influence the ability of bees to function in transient environmental conditions. Your job is to determine an approach to analyzing and modeling the process by which bees are able to regulate the temperature of their hive. This is a "generate ideas" style of problem in which you need to apply your knowledge of bioheat transfer in combination with your overall engineering education and your common sense to identify an approach to define the system . What is the brick inner surface temperature?
